Changes in magnitude and variability of duration, fundamental frequency, formant frequencies, and spectral envelope of children's speech are investigated as a function of age and gender using data obtained from 436 children, ages 5 to 17 years, and 56 adults. The results confirm that the reduction in magnitude and within-subject variability of both temporal and spectral acoustic parameters with age is a major trend associated with speech development in normal children. Between ages 9 and 12, both magnitude and variability of segmental durations decrease significantly and rapidly, converging to adult levels around age 12. Within-subject fundamental frequency and formant-frequency variability, however, may reach adult range about 2 or 3 years later. Differentiation of male and female fundamental frequency and formant frequency patterns begins at around age 11, becoming fully established around age 15. During that time period, changes in vowel formant frequencies of male speakers is approximately linear with age, while such a linear trend is less obvious for female speakers. These results support the hypothesis of uniform axial growth of the vocal tract for male speakers. The study also shows evidence for an apparent overshoot in acoustic parameter values, somewhere between ages 13 and 15, before converging to the canonical levels for adults. For instance, teenagers around age 14 differ from adults in that, on average, they show shorter segmental durations and exhibit less within-subject variability in durations, fundamental frequency, and spectral envelope measures.
INTRODUCTION
In speech-development research, it is important to know how acoustic parameters of speech such as fundamental frequency, formant frequencies, and segmental durations vary as a function of age and gender, and at what age the magnitude and variability of acoustic parameters begin to exhibit adult-like patterns. When properly interpreted, such chronological knowledge of speech acoustics could provide insights into the underlying development of speech organs and speech-motor control in children, and help in creating an accurate developmental model of the vocal tract ͑cf. Goldstein, 1980͒ . Previous studies have shown that children's speech, compared to adults' speech, exhibits higher pitch and formant frequencies, longer segmental durations, and greater temporal and spectral variability ͑Eguchi and Hirsh, 1969; Kent, 1976; Kent and Forner, 1980; Smith, 1978 Smith, , 1992 Smith et al., 1995; Hillenbrand et al., 1995͒. However, due to inadequate data in terms of either the total number of subjects or the age range of the subjects, these studies provide only limited information on the acoustic patterns of speech from early childhood through adulthood. A more chronologically detailed acoustic database obtained from a larger number of subjects with a wider age range is needed in order to better understand developmental acoustic patterns in children's speech and their relation to the underlying anatomical and neuromuscular development. This study represents an effort in that direction.
The study is also motivated by speech applications such as automatic speech/speaker recognition and speech synthesis. In recent years, the problem of automatic recognition of children's speech has gained attention ͑Palethorpe et Potamianos et al., 1997͒. Potamianos et al. ͑1997͒ have shown that the performance of a hidden Markov model ͑HMM͒ speech-recognition system trained on adults' speech degrades substantially when tested on the speech of children age 12 and younger. In addition to the acoustic differences between children's and adults' speech, the acoustic variability inherent in children's speech contributes to the degradation in recognition performance as demonstrated by the results of Palethorpe et al. ͑1996͒ : Performance in classification of vowels produced by children of 5 years of age is much worse than for that of adults ͑60%-65% vowelclassification accuracy for children versus over 90% for adults͒. Chronologically detailed acoustic data obtained from a large number of speakers can be helpful in devising strategies for dealing with the acoustic mismatch between different age groups.
This paper reports on a set of temporal and acoustic parameters measured from a speech database recently collected from 436 subjects ages 5 through 18 and from 56 adults ͑Miller et al., 1996͒. For vowels, magnitude and variability of durations, fundamental frequency (F0), and the first three formant frequencies (F1 -F3) as well as spectralenvelope variability are measured and analyzed as a function of age and gender. Duration magnitude and variability are a͒ ''Selected research articles'' are ones chosen occasionally by the Editorin-Chief that are judged ͑a͒ to have a subject of wide acoustical interest, and ͑b͒ to be written for understanding by broad acoustical readership. b͒ Present address: Lucent Technologies-Bell Labs, 700 Mountain Avenue, Murray Hill, NJ 07974.
also measured for the fricative /s/ as well as for the recitation of sentence-length utterances. Results and findings are presented with a focus on age-and gender-dependent acoustic changes occurring during the course of speech development. The paper is organized as follows: In Sec. I, the database used in the current study is described. In Sec. II, procedures used for acoustic measurements and statistical analyses are described. Results are presented in Sec. III, followed by a discussion in Sec. IV.
I. SPEECH DATABASE
The database analyzed in this study was collected from 436 children, ages 5 through 18 with a resolution of 1 year of age, and from 56 adult speakers ͑ages 25-50͒. The data collection was a joint effort of Southwestern Bell Technology Resources and the Central Institute for the Deaf ͑CID͒, and was carried out over a period of approximately 6 months. The recording site was located in the St. Louis Science Center ͑Missouri͒, a popular attraction among children, which enabled easy recruitment of subjects. The distribution of subjects by age and gender is shown in Table I . Among the 492 subjects, 316 were born and raised in the two Midwestern states of Missouri and Illinois.
The speech material consisted of ten monophthongal and five diphthongal vowels in American English and five phonetically rich meaningful sentences ͑the diphthongs are not analyzed in this paper͒. Target words for the ten monophthongs analyzed in this study were bead ͑/IY/͒, bit ͑/IH/͒, bet ͑/EH/͒, bat ͑/AE/͒, pot ͑/AA/͒, ball ͑/AO/͒, but ͑/AH/͒, put ͑/UH/͒, boot ͑/UW/͒, and bird ͑/ER/͒. The target words were produced in the carrier sentence ''I say uh ---again'' except for children of ages 5 and 6, who produced target words in isolation. A schwa-like sound ͓uh͔ was used as an attempt to make subjects maintain a neutral vocal tract before producing target words. The five sentences were: ͑1͒ ''He has a blue pen.'' ͑2͒ ''I am tall.'' ͑3͒ ''She needs strawberry jam on her toast.'' ͑4͒ ''Chuck seems thirsty after the race.'' ͑5͒ ''Did you like the zoo this spring?''
Recordings were made in a sound-treated booth located inside a glass-panel enclosure, using a high-fidelity microphone ͑Bruel & Kjaer model #4179͒ connected to a real-time waveform digitizer with 20-kHz sampling rate and 16-bit resolution. The target utterances were presented on a computer monitor twice in random order. No specific instructions were given to the subjects regarding the manner of production. Prior to the recording session, any target utterances that the speakers ͑mostly 5-and 6-year-olds͒ had difficulty reading were identified and elicited through imitation of a sample prerecorded by a female speech pathologist.
After the data collection, each waveform file was manually examined by listening to the recorded speech. Waveform files that were truncated or of very low recording quality were marked as ''chopped'' or ''bad'' and are excluded from this study. From the initial 24 630 waveform files, 24 152 files were judged to be good and were included in the database.
II. SPEECH ANALYSIS

A. Preprocessing of the database
In order to process the large number of speech samples, an automatic procedure was utilized for the necessary phoneme-level segmentation of each utterance. The AT&T hidden Markov model recognition engine ͑Ljolje and Riley, 1991͒ was used for the purpose. Specifically, a set of hidden Markov models ͑HMMs͒ of phonemes trained from adult speakers was used to obtain initial phonemic segmentation of the present children's database. Next, in order to minimize the initial phonemic-alignment error due to acoustic differences between adults' and children's speech, the initially segmented children's speech was used to retrain the HMMs. Finally, the database was resegmented using the retrained HMMs.
For each utterance, the automatic segmentation procedure produced a label file in which the beginning and the end of each phoneme and pause period were time-marked, according to the entry time to the first state and the exit time from the last state, respectively, of the corresponding HMM phoneme unit. Time marks have a 10-ms resolution, or uncertainty, which is half the length of the analysis window.
In order to examine the accuracy of the automatic segmentation procedure, durations of 160 vowel utterances from 16 randomly selected subjects of ages 5, 8, 11, and adults were manually measured. Mean segmentation difference between the automatically computed and the manually measured values was Ϫ17.5 ms with a standard deviation of 37.0 ms. As indicated by the negative mean difference, vowel durations were somewhat underestimated by the automatic segmentation procedure. However, no appreciable agedependent trend was found in the mean segmentation difference across the four age groups investigated. Hence, agedependent duration trends in the postsegmentation data are preserved even though duration values may be somewhat smaller. It should however be noted that second-order statistics of duration measurements will be noisy ͑as indicated by the high variance in the manual versus automatic segmentation differences͒ and should be interpreted with caution. Erroneous segmentation will have minimal effect on the statistics of F0 and formant frequency values since comparative Age  5  6  7  8  9  10 11 12 13 14 15 16 17 18 5-18 25-50   Male  19 11 11 25 23 25 24 22 16 11 11 11 10  10  229  29   Female 13 16 24 11 25 14 19 21 13 10 11 11  9  10  207  27   Total  32 27 35 36 48 39 43 43 29 21 22 22 19  20  436  56 analyses used global median values for each token, as discussed in the next section.
B. Duration
Durations of the ten monophthongal vowels, the fricative portion of /s/ in the carrier sentence ͑''I ͓s͔ay-''͒, and the five sentences were measured from the corresponding label files produced by the automatic segmentation procedure. Since each of the sentences was of different length, the sentence durations were normalized with respect to the corresponding mean sentence duration of adult male speakers.
Since the automatic segmentation procedure sometimes erroneously yielded excessively short or long vowel and /s/ durations, a crude effort was made to minimize the inclusion of such outliers using duration histograms. First, vowels with duration less than 80 ms were discarded along with their pair ͑i.e., repetitions of the same vowel by the same subject͒. Among the initial 9424 tokens on which durations were successfully measured, 4404 vowel pairs ͑8808 tokens͒ were included in the data set. It was noted that correlation of durations between the first and second productions was somewhat weak (rϭ0.69). Next, when difference in duration between two repetitions of the same vowel by the same speaker was greater than 160 ms, that vowel pair was also discarded. This yielded 3793 vowel pairs ͑7586 tokens͒ with substantially enhanced correlation (rϭ0.83). These 3793 vowels pairs are analyzed in the current study.
1 In the case of /s/, tokens with duration smaller than 90 ms or larger than 250 ms were discarded. Further, only /s/ tokens collected from subjects with at least 30 repetitions were included in the analysis. Out of the initial 16 897 /s/ tokens from 431 subjects, 15 592 tokens from 396 subjects were included in the final data set.
Duration data were organized by vowel, age, and gender group and analyzed using the SPSS statistical software package. Between-and within-subject variability and group means were estimated and group mean comparisons were performed.
C. Fundamental and formant frequencies
The fundamental frequency (F0) and the first three formant frequencies (F1 -F3) of the ten monophthongs were estimated using the automatic F0 and formant-tracking program in the ESPS signal-processing package by Entropic Research Laboratory. The software utilizes a dynamic programming technique to select the best pitch and formant tracks from raw pitch and formant estimates ͑Secrest and Doddington, 1983͒. Each speech waveform was downsampled to 12 kHz and processed using a 12-ms Hamming window with 5-ms window update, a first-difference pre-emphasis factor of 0.94, and a 12th-order linear-prediction analysis. The resulting raw F0 and formant tracks were smoothed using a 3-point median filter. Global median values of the entire tracks were computed and used as the representative F0 and formant frequencies for the tracks.
The performance of the automatic program was evaluated using hand-measured pitch and formant values of 96 randomly selected vocalic segments from 16 subjects ages 5, 8, 11, and adults. The manual estimation was done as follows: ͑1͒ three 20-ms segments were selected around the steady-state portion of each vocalic segment, ͑2͒ the pitch and formants of each segment were measured by visual inspection of the corresponding discrete Fourier transform ͑DFT͒ spectrum, spectrogram, and the locations of formant peaks in the linear predictive ͑LP͒ spectral envelope, and ͑3͒ the hand-measured values of pitch and formants were averaged over the three subsegments. The manually estimated F0 and formant frequencies were compared to the automatically computed ones. Mean differences ͑standard deviation͒ between the automatically and manually estimated values in Hz were 7.6 ͑23.8͒ for F0, 43.6 ͑87.2͒ for F1, 92.4 ͑183.8͒ for F2, and 193.1 ͑400.7͒ for F3.
The automatic formant-tracking program yielded reasonable estimates of the first formant frequency in most cases. F2 and F3, however, were often inaccurate for vowels produced by young children due to poor spectral resolution at high frequencies ͑partially caused by wider harmonic spacing and breathy voicing͒, spurious spectral peaks, and formant-track merging. In such cases, manual estimation of formants from the speech spectrogram was also difficult. Therefore, in order to minimize statistical biases due to erroneously estimated formant frequencies, the raw formant data were refined using the following procedure: the initial formant data of all subjects were grouped according to vowel, age, and gender ͑10 vowelsϫ15 age groupsϫ2 genders͒. Next, two two-sigma ellipses were computed from (F1,F2) and (F2,F3) data sets, respectively, and data points that fell outside the region of either ellipse were removed. After the removal of the outliers, the mean and standard deviation were computed and each data file was visually examined: Whenever one of the F1 -F3 values was subjectively judged to be too low or too high, the corresponding formant set was discarded. From the initial set of 9424 vowel tokens, 7631 tokens of the first three formant frequencies were included in the final data set analyzed in this study.
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Despite our efforts to remove erroneous formant values, it is possible that the refined formant-data set still includes some underestimated F2 and F3 values, especially for children ages 7 and lower.
Pitch tracking by the automatic program was fairly reliable across age and gender except for occasional pitchhalving. The large s.d. ͑23.8 Hz͒ of the mean difference between the automatically and manually measured F0 data is mostly due to such occurrences. Inclusion of such erroneous F0 data was minimized using the two-sigma ellipse method described above applied to individual F0 data.
The F0 and formant data sets were organized by vowel, age, and gender and analyzed using the SPSS software package. Group means, between-and within-subject variations were estimated. For the computation of within-subject variation of formant frequencies, formant data of only matched vowel pairs ͑3265 pairs͒ were considered. In addition, between-and within-subject coefficients of variation ͑COV͒ were computed by taking the ratio of s.d. to the corresponding mean. The COV has been used by Eguchi and Hirsh ͑1969͒ to minimize a possible positive correlation between magnitude and variability.
D. Spectral-envelope variability
Spectral distance measures using a set of cepstrum coefficients derived from a log-spectral envelope representation are widely used in automatic speech recognition ͑Rabiner and Juang, 1993͒. In this paper, two spectral-envelope variability measures are computed from the cepstrum coefficients: ͑1͒ spectral distance between two repetitions of the same target vowel, and ͑2͒ spectral distance between the first-and second-half portions of vocalic segments including transitional regions from ͑to͒ the preceding ͑following͒ consonants. The former is compared with the within-subject formant variability in order to test whether the age-dependent reduction of the formant variability is a general phenomenon associated with speech development ͑Eguchi and Hirsh, 1969͒. The latter is interpreted as a measure of spectral movement, or transition, inside a vowel. An implicit assumption is that a greater difference in the underlying articulatory configuration between two vocalic segments induces a greater distance between the corresponding spectral envelopes.
The spectral envelope of a given vocalic segment was computed using a mel-frequency filterbank of 29 frequency bands spanning 100 to 6000 Hz ͑Davis and Mermelstein, 1980͒. The 12 cepstrum coefficients were computed from the log-spectral envelope using the inverse cosine transform. The distance between two speech segments was computed by first computing the average short-time cepstrum vector for each of the segments using a 20-ms window, and then taking the Euclidean distance between the two average cepstrum vectors. The zeroth-order cepstral coefficient ͑energy term͒ was not considered in the spectral distance computation since it does not affect the shape of the spectral envelope.
III. RESULTS
A. Phoneme and sentence durations 1. Vowel durations
Since it was found that the effect of gender on vowel duration is not significant, durations averaged across all vowels and subjects in each age group are shown in Fig. 1͑a͒ . Error bars denote between-subject variations. Effect of age is significant ͓F(14,3778)ϭ36.2, pϽ0.005͔.
Multiple a priori comparisons ͑Bonferroni test with significance level 0.05͒ show that the groups of age 5 ͑279 ms͒ and age 6 ͑264 ms͒ exhibit significantly longer averaged vowel durations than older age groups. This may be partially due to the difference in the mode of speech elicitation, since the two age groups produced target words in isolation. The multiple comparisons also show that the reduction of vowel duration from age 10 ͑199 ms͒ to age 12 ͑178 ms͒ and from age 11 ͑191 ms͒ to age 15 ͑168 ms͒ are significant, while no significant difference in vowel duration exists among age groups older than 12. On average, vowel durations reach minima around age 15. Furthermore, difference in mean duration between age 15 and adults is significant ͑tϭ2.42, d f ϭ644, pϽ0.02). Therefore, it is possible that vowel durations increase again in the process of converging toward adult range. As will be shown later, similar trends are also observable for both /s/ and sentence durations as well as for some spectral parameters.
In Fig. 1͑b͒ , within-and between-subject variations are shown as a function of age. The between-subject variation shown is reduced by a factor of 2.0 in order to facilitate the FIG. 1. ͑a͒ Averaged-vowel duration across all vowels and subjects in each age group. ͑b͒ Within-and between-subject variations. The between-subject variation is reduced by a factor of 2.0. ͑c͒ Mean duration of individual vowel averaged across all subjects in each age group is shown for several age groups.
comparison of within-and between-subject variability. It is clear that both within-and between-subject variations decrease with age. For the within-subject variation, the effect of age is significant ͓F(14,3778)ϭ18.5, pϽ0.001͔. The multiple comparisons indicate that the reduction of withinsubject variation from age 11 to age 13 is significant (p Ͻ0.05), while no significant difference exists among the age groups of 13 and older. Therefore, both duration and withinsubject variability may reach adult level almost simultaneously around age 12. Also note the remarkably similar behavior of between-subject variability and duration.
Individual vowel durations averaged across subjects in each age group are shown in Fig. 1͑c͒ for several age groups. The similar vowel duration patterns between 5-year-olds and adults suggest that children as young as 5 years old have the ability to control intrinsic vowel duration. However, 5-yearolds show a tendency to exaggerate the duration of ''long'' vowels, e.g., /IY/, /AE/, /AA/, /ER/, when compared to the other age groups. The fact that children of ages 5 and 6 produced vowels in isolation may be at least partially responsible for this trend.
/s/ and sentence production durations
Results of duration and variability measurements are shown in Fig. 2͑a͒ and ͑b͒ for /s/ and in Fig. 2͑c͒ and ͑d͒ for sentence productions as a function of age. Since the effect of gender is not significant, values averaged across gender are shown in the figure. However, the effect of age is significant ͓F(12,383)ϭ4.178, pϽ0.001 for /s/; F(14,469)ϭ23.1, p Ͻ0.001 for sentences͔. Note that in Fig. 2͑a͒ and ͑b͒ no data points are shown for ages 5 and 6 since target words were produced in isolation ͑no /s/ tokens͒.
The multiple comparisons indicate that the duration of /s/ significantly decreases from age 10 ͑170 ms͒ to age 12 ͑147 ms͒. On average, the duration of /s/ reaches minima around age 13 and increases again toward adult levels. Adults' mean duration ͑159 ms͒ is significantly different from that of age 13 ͑143 ms͒ ͑tϭ3.02, d f ϭ83, pϽ0.005).
The within-and between-subject variability of /s/ ͓Fig. 2͑b͔͒ decrease gradually up to age 13 and then remain more or less constant. The effect of age on the within-subject variation is significant ͓F(12,383)ϭ19.3, pϽ0.001͔. Multiple comparisons indicate that significant reduction of within-subject variation occurs from age 10 ͑23.6 ms͒ to age 12 ͑18.4 ms͒ and from age 11 ͑19.6 ms͒ to age 13 ͑13.7 ms͒. After age 13, no significant change of the within-subject variation is observed. Therefore, the within-subject variability reaches adult level around age 13. Note that the significant increase of /s/ duration from age 13 ͑143 ms͒ to adult FIG. 2 . ͑a͒ Duration of /s/. ͑b͒ Within-and between-subject variability of /s/ duration ͑unfilled circle: within-subject, filled circle: between-subject͒. ͑c͒ Normalized duration of sentence. ͑d͒ Variability of sentence duration ͑unfilled circle: within-subject, filled circle: between-subject͒. ͑159 ms͒ ͑tϭ3.01, d f ϭ82, pϽ0.03) is not accompanied by a similar increase in within-subject variability. In addition, the sudden and substantial reduction in between-subject variability from age 11 to age 13 is worth noticing.
It is likely that sentence duration shown in Fig. 2͑c͒ is mainly determined by the speaking rate, reading ability, and pause duration. The effect of age on sentence duration is significant ͓F(14,481)ϭ23.1, pϽ0.001͔. It is observed that sentence duration decreases almost linearly from age 7 to age 14, where it attains its minimum value. About a 45% reduction in duration occurs in that time period. The multiple comparisons indicate that the reduction of duration from age 10 to age 12 and from age 11 to age 14 are significant. Mean durations at age 14 and for adults are also significantly different ͑tϭ2.17, d f ϭ75, pϽ0.05). Therefore, just as in the case of vowels and /s/, sentence durations also reach a minimum before converging toward adult levels.
Note that the relatively short average-sentence duration for 5-and 6-year-old children ͓Fig. 2͑c͔͒ was not due to measurement errors or the different elicitation method used for some young children with reading problems ͑sentence durations were very similar for both ''repeat after me'' and ''read'' elicitation methods͒. From listening to the sentence productions of young children, it was found that disfluencies ͑phoneme deletions, mumbling of groups of sounds, mispronunciations͒ were quite common, and are suspected to be the main cause for shorter sentence durations, particularly in 5-and 6-year-olds.
The effect of age on the within-subject variability is significant ͓F(14,477)ϭ14.5, pϽ0.001͔. Multiple comparisons indicate that the reduction of within-subject variations from age 8 to age 12 is significant, while there is no significant change after age 12. An unexpected and interesting observation is the large between-subject variation for subjects older than age 14.
B. Fundamental frequency
The mean F0 of male and female speakers averaged across all vowels and subjects in each age group is shown in Fig. 3͑a͒ as a function of age. Vertical bars denote betweensubject variations. The mean F0 values for male and female speakers, averaged across all subjects for each vowel and age group, are provided in Tables II and III. A simple factorial analysis of variance ͑ANOVA͒ indicates that F0 differences between male and female speakers become significant beginning from age 12. For male speakers, multiple comparisons indicate that the drops in F0 from age 11 to age 13 and from age 13 to age 15 are significant ( pϽ0.05). About a 78% drop in F0 occurs between age 12 (F0ϭ226 Hz) and age 15 (F0ϭ127 Hz) in male speakers, and there is no significant pitch change after age 15. This suggests that, on average, pubertal pitch change in male speakers starts between age 12 and 13, and ends around age 15. The relatively large between-subject variation at ages 13 and 14 also suggests that the onset time of puberty is different among speakers in these age groups ͑cf. Hollien et al., 1994͒ . For female speakers, multiple comparisons indicate that the pitch drop from age 7 (F0ϭ275 Hz) to age 12 (F0ϭ231 Hz) is significant, and there is no significant pitch change after that age. The F0 change for female subjects is more gradual compared to male speakers.
The within-subject variation of pitch is shown in Fig.  3͑b͒ as a function of age and gender. The effect of age is significant for both genders ͓F(14,242)ϭ11.9, pϽ0.001 for male speakers; F(14,217)ϭ6.0, pϽ0.001 for female speakers͔. For male speakers, the multiple comparisons indicate FIG. 3 . ͑a͒ Averaged fundamental frequency for male and female speakers. Vertical bars denote between-subject variations ͑i.e., group standard deviations͒. ͑b͒ Within-subject pitch variation as a function of age and gender. ͑c͒ Mean pitch of individual vowels for male speaker as a function of age. that the within-subject pitch variation significantly decreases during two periods: from age 6 to age 8 and from age 12 to age 15 ͑i.e., during puberty͒. For female speakers, a significant difference in within-subject variability exists between age 10 and age 14 ͑tϭ2.95, d f ϭ22, pϽ0.01).
After puberty, the average within-subject F0 variation tends to increase again with age for both male and female speakers. Therefore, overshoot of acoustic parameters before reaching adult target levels may occur not only in duration but also in F0 variability. An interesting finding is that for subjects older than age 14, the within-subject F0 variability is significantly higher in female speakers than in male speakers ͓F(1,138)ϭ37.3, pϽ0.001͔.
The mean F0 of individual vowels is shown in Fig. 3͑d͒ for male speakers. It can be seen that male children as young as 5 years exhibit adult-like vowel-dependent F0 patterns. Similar observations can be made for female children ͑not shown here͒. This suggests that the capability of intrinsic F0 control in a given context is acquired earlier than age 5. 
C. Formant frequencies
Mean formant frequency values for the first three formants, averaged across all subjects for each vowel and age group, are provided in Tables II and III for male and female speakers, respectively. Two-sigma ellipses for five vowels are shown in Fig. 4͑a͒ and ͑b͒ in the F1 -F2 space for male and female speakers ages 10 to 12, and compared with results from similar studies in the literature. It is observed that the vowel positions produced by children of ages 10 through 12 in the current database are slightly compressed or centralized, compared to children's formant data in Peterson and Barney 4 ͑1952͒. This centralization of vowel space is most possibly due to the context difference ͑i.e., /hVd/ vs /bVt/͒ as well as dialect differences between the speaker population of the two studies ͑i.e., midwestern vs Pacific eastern͒. The most noticeable difference in formant distributions between the current study and the study by Hillenbrand et al. 5 ͑1995͒ is the proximity of front vowels /IY/ and /AE/ in the latter. It is also observed that despite the differences in vowel-class centroid values in the F1 -F2 space, within-vowel variances ͑i.e., orientation of ellipses͒ are consistent between these studies and, clearly, the vowel F1 -F2 space is larger for children than for adults.
Scatter plots of mean F1 and F2 of several vowels are shown in Fig. 4͑c͒ for male speakers and in Fig. 4͑d͒ for female speakers. Each point represents F1 and F2 values averaged across all subjects in the 5-6, 7-8,..., 17-18 age groups and adults. For instance, the rightmost circle in /IY/ represents mean F1 and F2 for children of ages 5 and 6, and the leftmost circle represents adults. A linear-scaling trend of male formant frequencies as a function of age is clearly observable from Fig. 4͑c͒ , especially between age 11 and age 16. Therefore, the current formant data of male speakers seem to support the notion of ''uniform axial growth of the vocal tract,'' as discussed in Kent ͑1976͒. Such a linear trend is, however, not clear for female speakers ͓Fig. 4͑d͔͒. These trends can be more clearly observed in terms of the formantscaling factors shown in Fig. 6 .
Formant variability in terms of the within-subject COV is shown in Fig. 5͑a͒ for male speakers and Fig. 5͑b͒ for female speakers. The age-dependent reduction of the normalized formant frequency variability agrees with the trend shown in Eguchi and Hirsh ͑1969͒. Formant frequency variability may reach adult level around age 14 simultaneously for all formants. It is also observed that the COV is different for F1, F2, and F3 for subjects younger than age 12; specifically, the variability in F1 is greater than the variability in F2 and F3. For male speakers, the COV of F1, F2, and F3 take similar values after age 12, while such a trend is not observed for female speakers. In Fig. 6 , formant-scaling factors, as defined in Fant ͑1975͒, computed from formant frequencies averaged across vowels are plotted as a function of age for male and female speakers. It is observed that differentiation of male and female F2 and F3 patterns begins at around age 11 and the formants become fully distinguishable around age 15, i.e., after puberty in male speakers. Between ages 10 and 15, formant frequencies of male speakers decrease faster with age and reach much lower absolute values than those of female speakers. This suggests that the total growth and rate of growth of the vocal tract is greater in male speakers. On average, it is clear that formant values reach adult range 
around age 15 for males and around age 14 for females. The formant scaling factors also suggest that the growth of vocal tract in male speakers may cease around age 15.
Formant scaling factors of male speakers are approximately the same for all formants and decrease almost linearly between ages 10 and 15. For female speakers, however, each formant evolves differently as a function of age. Differences in the rate of growth of the front and back cavities between female and male speakers could be a reason for this trend ͑Fant, 1975͒. Investigation of vowel-specific formant-scaling factors should help to verify this hypothesis.
D. Spectral-envelope variability
In Fig. 7͑a͒ , averaged cepstrum distances between two repetitions of the same vowel are shown as a function of age and gender. Vertical bars denote standard errors. The effect of age is significant ͓F(14,476)ϭ21.0, pϽ0.001͔. It is observed that spectral variability between vowel productions progressively decreases with age and converges to adult values around age 14 for both genders. Multiple comparisons indicate that variability is significantly reduced from age 5 to age 9 and from age 10 to age 14. There is no significant difference in variability after age 11. These results suggest that children younger that 10 years have not fully established their optimal or stable articulatory targets for vowels. The trend is similar to that of the formant variability shown in the previous section.
In Fig. 7͑b͒ , cepstrum distances between the initial and the final half of each vocalic segment are shown as a function of age for both male and female speakers. The effect of age is significant ͓F(14,476)ϭ9.8, pϽ0.001͔. Clearly, the within-vowel spectral variability progressively decreases with age. Multiple comparisons indicate that variability decreases significantly from age 10 to age 15. On average, children younger than age 10 display greater within-vowel spectral variability than adults.
As can be seen from Fig. 7͑b͒ , speakers display the least within-vowel spectral variation around age 15. Differences in spectral variations between age 15 and adults is significant ͑tϭ2. 39, d f ϭ38, pϽ0.03 ). This suggests that in terms of the dynamics of /CVC/ articulations, an extremum in the production patterns may be achieved around age 15. It is also interesting to observe that female adults show significantly larger within-vowel spectral variation than male adults ͑t ϭ2.28, d f ϭ54, pϽ0.03).
IV. DISCUSSION
The results of this cross-sectional acoustic study of children's speech, collected from subjects with no known speech pathologies, confirm that the reduction of magnitude and within-subject variability of temporal and spectral parameters with age is a general acoustic phenomenon associated with speech development in children. Furthermore, due to the wider age range of subjects ͑ages 5-18 years͒ examined in the current study, it was possible to obtain detailed acoustic information regarding how acoustic properties of chil- dren's speech vary with age and when children begin to exhibit adult-like patterns. The acoustic data obtained in the current study are compared with similar acoustic data published in the literature, and the significance of the age-and gender-dependent acoustic trends observed in our data is discussed.
The main goal of this section is to explore the significance of the acoustic findings of this study based on ͑1͒ the physical development of the vocal tract and the voice source, and ͑2͒ the neuromuscular factors believed to govern the underlying articulatory dynamics, and hence the acoustic characteristics of speech. It should be noted that some of these interpretations remain to be validated and hence may be deemed speculative.
A. Comparison with previous studies
The acoustic data and age-dependent trends observed in this study are consistent with previously published acoustic data on children, in spite of differences in subject population and data-analysis procedures. For instance, trends in vowel durations measured in the current study and those in Hillenbrand et al. ͑1995͒ are similar, with an averaged correlation of 0.82 between the two studies for matched age groups. Hillenbrand et al. report durations for vowels embedded in /hVd/ target words produced in isolation for children of ages 10 through 12 and adults. Hillenbrand et al. also found that adult female speakers show significantly greater vowel durations than male adults. Although not statistically significant, the current data also show a similar trend. Finally, note that the within-subject variability of /s/ duration for male adults is comparable to that measured in Klatt ͑1972͒.
As illustrated in Fig. 4͑a͒ and ͑b͒, the current formant data is in general agreement with those in Peterson and Barney ͑1952͒ as well as in Hillenbrand et al. ͑1995͒ , except for the deviation of the centroids attributed to contextual and dialect differences. Regarding F0 measurements, it can be shown that the magnitude of F0 as well as the intrinsic F0 patterns are also quite similar to those in the two previous studies for matched age groups. Finally, the cross-sectional trend for the onset of pubertal F0 change is in agreement with the longitudinal study of 65 male speakers by Hollien et al. ͑1994͒ , which reported that for the majority of subjects the pubertal-pitch change started between the ages of 12.5 and 14.5 years ͑mean 13.4͒ and was completed within 0.5 to 4.0 years ͑mean 1.5͒.
B. On F0 patterns
Average F0 and within-subject variability are highly correlated for speakers older than 8 ͓compare Fig. 3͑a͒ and ͑c͔͒. It is thus possible that F0 variability can be fully predicted from F0 magnitude beyond a certain stage in the development process ͑e.g., age 8͒. Using the COV instead of the un-normalized variability measure does not change the essence of the observations made above. It is interesting to note, however, that from age 5 to 8 there is a 50% decrease in variability with essentially no change in average F0, suggesting a developmental stabilization of pitch control. Furthermore, female speakers over age 14 show significantly larger within-subject F0 variability than male speakers ͓Fig. 3͑b͔͒. Although the exact reason for this is unclear, this trend may be due to inherent differences in the vocal-fold physiology ͑e.g., mass and length͒ of a high-F0 voice compared to a low-F0 voice.
C. On formant-scaling behavior
Growth curves for the larynx, pharynx, oral cavity, and total vocal-tract length are correlated with the average vowel fundamental frequency, average F1, F2, and F3 values, respectively ͑see Figs. 3 and 6͒. For example, F3 values agree with those predicted from Goldstein's ͑1980͒ model for vocal-tract-length growth in children ͑at least up to age 15͒. Good agreement has also been found between average agedependent F1 values and growth of the back vocal-tract cavity ͑Fant, 1975͒. However, the limitations imposed by the physical dimensions of the vocal tract on the dynamic range of formants are much more stringent on F2 and F3 than F1. As a consequence, there is greater room for variation in average F1 values ͑averaged over all vowels͒ of the ͑child͒ speaker. In such cases, average F1 values may not always be FIG. 7 . ͑a͒ Mean cepstrum distance between the two repetitions of the same vowels is shown for each age group. ͑b͒ Mean cepstrum distance between the first-and second-half segments within vowel is shown for each age group.
closely correlated with the physical size of the back oral cavity. For example, the difference in average F1 values between young male and female children, and the sudden drop of F1 from teenagers to adult females seen in Fig. 6 are not supported by physical growth data. We speculate that social and psychological factors contribute to these deviations in F1 values.
Overall, it can be deduced from Figs. 3 and 6 that physical growth of the speech apparatus occurs gradually up to approximately age 14 for females and age 15 for males. For male speakers, a growth spurt occurs somewhere between ages 12 and 15 ͑puberty͒ lasts about 1.5 years, and affects not only the larynx but the entire vocal-cavity size. In the developmental model of Goldstein ͑1980͒, however, in male speakers the vocal tract is assumed to continue growth beyond age 15 ͑14.6 cm͒ until age 20 ͑16.6 cm͒, a fact which is not supported by the current formant scaling factors. It does not seem plausible that the vocal-tract length could grow further beyond age 15 without inducing any decrease in the formant frequencies. Further investigation is needed to find the source of this discrepancy.
D. Significance of acoustic findings on underlying articulatory dynamics
First, consider the nearly universal trend of significant reduction in segmental durations, and their convergence to adult values, during the period from around age 9 or 10 to age 12 or 13. This is true irrespective of the segmental levels considered in this study, i.e., vocalic segment ͓Fig. 1͑a͔͒, fricative /s/ ͓Fig. 2͑a͔͒, and sentences ͓Fig. 2͑c͔͒. Since systematic reduction of duration with age can be concomitant with improvements in speed of articulatory movement, the observation suggests that the underlying neuromuscular control of articulators also rapidly improves and converges to adult levels during that period. Accumulated experience in speech production could also play a role toward contributing to decreased segmental durations.
Second, consider the substantial reduction in withinsubject duration variability between ages 8 to 14 years for vowels, the fricative /s/, and sentences ͓Figs. 1͑b͒, 2͑b͒, and ͑d͔͒. Along the lines of the discussion above, this finding may be interpreted as suggesting an improved articulatorytiming control being achieved between ages 8 and 14. It is thus thought that the progressive reduction in both duration magnitude and variability prior to age 12 is actually due to improvements in speech motor-timing control with age, and not merely an artifact of longer durations as argued in Kent and Forner ͑1980͒, and Crystal and House ͑1988͒. The poor correlation between the within-subject variability of /s/ and the mean sentence duration in the current data offers supporting evidence in this direction. For instance, the Pearson's correlation coefficient is 0.11 for adult speakers and 0.09 for children of ages 7 and 8, indicating almost no correlation between an individual's speaking rate and within-subject variability of /s/.
Third, consider the significant reduction in withinsubject formant and spectral-envelope variability between about ages 7 and 11 as seen in Figs. 5 and 7͑a͒, respectively. Since both formant structure and spectral-envelope shape are directly related to an underlying articulatory configuration, the reduced variability in these parameters may be attributed to reduced variability when reaching the individual's canonical articulatory configurations ͑targets͒ for a given sound. According to this interpretation of the formant and spectralenvelope data, articulatory ''robustness'' may be almost fully achieved by age 11 or 12. But, as discussed above, variability in reaching articulatory targets may also be correlated with speaking rate. Since the exact relation is not known, it is difficult to speculate further on the development of articulatory target-attainment reliability.
Finally, consider the trend wherein duration magnitude and variability ͑Figs. 1 and 2͒ reach minima somewhere between ages 13 and 15 before increasing and converging toward adult range. A similar trend is observed in withinsubject formant and spectral-envelope variability ͑Figs. 5 and 7͒, which attain minima around 14 or 15 years of age. The smaller pitch variation for teenagers than for adults in Fig. 3͑c͒ offers an additional attestation to this trend. If we assume the final ͑target͒ acoustic-parameter values at the completion of human speech development to be those of adults, these findings may be interpreted as demonstrating an apparent overshoot phenomenon of acoustic parameters before converging to their final values. Further, these findings may be interpreted as suggesting that teenagers of ages 14 and 15 exhibit an extremum in the production patterns among all age groups examined in this study, in terms of both speed of articulatory movements and ͑to a lesser extent͒ consistency in achieving desired articulatory configurations. Why that should be the case is not clear, however. This phenomenon may be associated with the learning process. Or it just may be that these patterns reflect the developmental nature of human physiological functions which underlie articulation and peak during the teenage years. Clearly, these overshoot phenomena have to be taken into account when interpreting age-dependent trends in acoustic data.
V. CONCLUDING REMARKS
Not all findings in our acoustic data could be accounted for or readily explained. Some of those cases follow: ͑1͒ One unexpected observation was the increase in between-subject variability in the sentence productions of speakers over 14 years old. This result may imply that the decrease in between-subject variability that occurs during speech development ceases after the acquisition of adult-like speechproduction patterns simply due to the dominating effects of individual differences ͑or habit͒ in speaking rate ͑causing larger individual deviations from the group mean͒. ͑2͒ There is a significant decrease in F1 between the 18-year-old and adult female speakers. This trend was verified by manual estimation and comparison of formant frequencies from a subset of vowel tokens produced by the two age groups. This could be a sociolinguistic phenomenon. ͑3͒ There is a rebound and a drop in formant scaling factors between ages 12 and 14 for females, and between ages 13 and 15 for male speakers. This may be retrospective behavior on the part of speakers during puberty. The same trend has also been observed in the within-subject F0 variability, which could be the result of a similar retrospective behavior manifested in F0. ͑4͒ F1 values for young female and male children are significantly different, far larger than any that could be explained by the physiological differences at this age.
Finally, it is noted that the uneven distribution of subjects by age and gender may cause a problem when comparing means of different age groups. This and the fact that subjects of ages 5 and 6 produced the target words for vowels in isolation are flaws of this study, attributed to the design of the speech database-collection procedure.
As demonstrated by the overshoot of acoustic parameters discussed earlier, the maturation process may confound the age-dependent values of other acoustic parameters as well. Furthermore, certain acoustic parameters are associated with more than one aspect of speech development and growth. As a result, additional measurements and different speech-elicitation scenarios are required to map in detail all aspects of speech development. For example, in order to understand if greater temporal variability is due to less precision or simply due to increased exploration ͑as a result of learning͒, speech can be elicited in a scenario where children are explicitly asked to minimize temporal variability, as in Smith and Kenney ͑1994͒. Direct articulatory and aerodynamic measurements could give clearer answers regarding development of motor control ͑Sharkey and Folkins, 1985; Smith and McLeane-Muse, 1986; Stathopoulos, 1995; Kasuya, 1994, 1995͒ . Although many questions in speech development are yet to be answered, the current study nevertheless provides a better insight into the acoustic modeling of children's speech than was available before. From the acoustic modeling point of view, especially for developing speech applications such as automatic speech and speaker recognition, the increased variability in children's speech is a fact that one has to cope with independent of its underlying source.
1
The age distribution of the tokens discarded from the duration analysis was computed to investigate possible age-or gender-specific bias. Despite the fact that a higher percentage of tokens was discarded for children age 10 and below than for adults ͑25% versus 21%͒, no particular age group had more than 25% of the tokens discarded.
2
Distribution of tokens discarded from formant analysis showed that a relatively small age-dependent trend exists: About 20% more tokens were discarded for children younger than 10 years than for adults. Because the tongue body and jaw positions affect the position of the larynx and the tension of the vocal folds ͑and thus F0 values͒, it is possible that the ability of intrinsic F0 control does not require any special explicit control mechanism, but is the result of the acquisition of proper articulatory positions for the vowels ͑cf. Whalen and Levitt, 1995͒. 
